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The replication machinery, or the 
replisome, collides with a variety of 
obstacles during the normal process of 
DNA replication. In addition to dam- 
aged template DNA, numerous chro- 
mosome regions are considered to be 
difficult to replicate owing to the pres- 
ence of DNA secondary structures and 
DNA-binding proteins. Under these con- 
ditions, the replication fork stalls, gener- 
ating replication stress. Stalled forks are 
prone to collapse, posing serious threats 
to genomic integrity. It is generally 
thought that the replication checkpoint 
functions to stabilize the replisome and 
replication fork structure upon replica- 
tion stress. This is important in order 
to allow DNA replication to resume 
once the problem is solved. However, 
our recent studies demonstrated that 
some replisome components undergo 
proteasome-dependent degradation dur- 
ing DNA replication in the fission yeast 
Schizosaccharomyces pombe. Our inves- 
tigation has revealed the involvement of 
the SCpi'-f (Skpl-Cullin/Cdc53-F-box) 
ubiquitin ligase in replisome regulation. 
We also demonstrated that forced accu- 
mulation of the replisome components 
leads to abnormal DNA replication 
upon replication stress. Here we review 
these findings and present additional 
data indicating the importance of repli- 
some degradation for DNA replication. 
Our studies suggest that cells activate 
an alternative pathway to degrade repli- 
some components in order to preserve 
genomic integrity. 



Introduction 

The conditions for DNA replication 
are not ideal, owing to endogenous and 
exogenous replication stresses that lead 
to arrest of the replication fork. Arrested 
forks are among the most serious threats to 
genomic integrity, because they can break 
or rearrange, leading to genomic insta- 
bility, a hallmark of cancer.'"'' To prevent 
such problems, cells possess a quality con- 
trol system termed the DNA replication 
checkpoint. The loss of genomic integrity 
occurs at a high frequency in cells defective 
for the replication checkpoint pathway.' ' 

Atop the replication checkpoint sys- 
tem stands phosphatidylinositol-3-kinase 
(PI3K) -related kinases such as human 
ATM (ataxia telangiectasia-mutated) 
and ATR (ATM and Rad3-related), fis- 
sion yeast Rad3, and budding yeast Mecl 
(Fig. lA). In the fission yeast Schizosac- 
charomyces pombe, in response to replica- 
tion stress, Rad3 is recruited to ssDNA via 
interaction of its partner Rad26 (ATRIP 
in humans) with replication protein A 
(RPA). The Rad3-Rad26 complex works 
together with a trimeric checkpoint 
clamp 9-1-1 and 5-subunit clamp loader 
RP(3Radi7 (replication factor C-Radl7) to 
sense ssDNA accumulated at stalled repli- 
cation forks and activate a signal transduc- 
tion cascade. This signal is then mediated 
by the replication checkpoint mediator 
Mrcl, which channels the checkpoint sig- 
nal to a downstream kinase Cdsl, in order 
to arrest the cell cycle and facilitate DNA 
repair pathways (Fig. lA).'"'^ 
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Figure 1. Checkpoint activation and regulation of the replisome complex. (A) The replication checkpoint in fission yeast. Replication stress activates the 
Rad3-dependent checkpoint pathway, which is mediated by IVIrcl and the Swi1-Swi3 FPC. Rad3 sends a checkpoint signal to downstream checkpoint 
effector Cdsl to arrest the cell cycle and facilitate DNA repair pathways. Functional human homologs are indicated in parentheses. (B) SCF''°''-dependent 
replisome ubiquitination in response to replication stress. Natural impediments generate replication stress that activates SCF'"'^ and ubiquitinates sev- 
eral replisome components for degradation. Replication stress also causes RPA accumulation, leading to checkpoint activation. 



Another essential function of the rep- 
hcation checkpoint is to stabilize repli- 
cation fork structure and the replisome 
complex in a replication-competent 
state.'^'^ Studies found a group of proteins 
that are involved in fork stabilization. 
These proteins include the checkpoint 
mediator Mrcl as well as Swil and Swi3 
in S. pombe. Swil and Swi3 form the rep- 
lication fork protection complex (FPC) 
and are required for efficient activation 
of Cdsl and for replication fork stability 
(Fig. lA)."*'^' The functions of Mrcl and 
the Swil-Swi3 FPC are conserved among 
eukaryotes."*'^''"^ However, how these pro- 
teins protect replication forks and control 
replisome activities remains elusive. 

It is generally thought that cells sta- 
bilize replisomes upon replication stress. 
However, it would also be advantageous to 
the cell to degrade the replisome and stop 
inappropriate replication when replisome 
progression is perturbed. It is also possible 
that some replisome components undergo 
degradation in order to complete DNA 
replication. Such mechanisms remain elu- 
sive. Interestingly, our recent investigation 
revealed that several replisome compo- 
nents are degraded in response to replica- 
tion stress."'' We have also showed evidence 
suggesting the role of proteasome-depen- 
dent replisome degradation in preventing 
genomic instability during DNA replica- 
tion. Here we will discuss the mechanisms 



and physiological importance of replisome 
degradation in DNA replication. 

Role of the FPC in 
Replisome Stabilization 

Replication checkpoint studies often 
use chemical agents to stall replication 
forks. However, numerous chromosome 
regions present obstacles for DNA rep- 
lication. These include replication fork 
blocking sites, DNA secondary structures 
caused by repeat sequences (such as telo- 
meres), and DNA-binding proteins (such 
as the transcription machinery). These 
sites are difficult to replicate, causing repli- 
cation fork arrest or breakage, resulting in 
replication stress during the normal course 
of DNA replication (Fig. lB).3.5'2W7-29 

Fission yeast Swil and its orthologs 
(Timeless in humans, Tofl in budding 
yeast) are known to prevent DNA dam- 
age and hyperrecombination activity at 
natural obstacles scattered throughout the 
genome. These sites include rDNA paus- 
ing sites, repeat DNA sequences, highly 
transcribed loci, and telomeres, indicat- 
ing that Swil-related proteins are required 
for the smooth passage of replication 
forks and for the suppression of replica- 
tion stress at difficult-to-replicate regions 
(Fig. lB).-''»-3'' 

To understand the role of the FPC 
in replisome stabilization, we recently 



examined the stability of major replisome 
components in the absence of Swil, a sub- 
unit of the FPC.^*" Strikingly, major repli- 
cative DNA polymerases (Pol2 and Pol3) 
and MCM (minichromosome mainte- 
nance) helicase subunits (Mcm2/4/6) 
underwent degradation in swilA cells, 
when cells were treated with cyclohexi- 
mide, which inhibits new protein synthe- 
sis. In contrast, PCNA and Orel, which 
are also essential for DNA replication, 
were stable."'' These results suggest a role 
for Swil in preventing rapid degradation 
of replisome components. The degrada- 
tion of DNA polymerases and helicases 
was inhibited when the proteasome was 
inactivated by the temperature-sensitive 
mts3-l allele, which has a mutation in a 
proteasome subunit. Thus, the degrada- 
tion of DNA polymerases and helicases 
is mediated by the ubiquitin-proteasome 
system. Indeed, Pol2 and Pol3 were ubiq- 
uitinated. Importantly, degradation of 
Pol2, Pol3, and Mcm4 was observed in 
chromatin-enriched fractions, suggest- 
ing that the chromatin fraction of these 
proteins undergoes degradation, in the 
absence of Swil.^"^ Furthermore, by using 
synchronized wild-type S. pombe cells, 
we reported that Pol2 degradation occurs 
during S phase. In contrast, there was 
no significant degradation of Pol3 and 
Mcm4 in wild-type cells, although they 
were unstable in swil A cells. These results 
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Figure 2. Regulation of Mrd cellular amounts during replication and checkpoint. (A) mrcl-S860A/ 
S864A mutation stabilizes Mrd. Exponentially growing cells of the indicated genotypes were 
treated with 0.1 mg/ml cycloheximide at 30 °C. Cellular amounts of Mrd -FLAG and Mrc1-S860A/ 
S864A-FLAG were examined at various time points between 0 and 4 h of cycloheximide treatment. 
The anti-FLAG (M2) antibody was used to detect Mrd . Western blotting of tubulin was performed 
as a loading control. (B) Models of phosphorylation-dependent Mrd regulation during replication 
and checkpoint. Pof3 controls replisome quality via ubiquitination/degradation of Pol2 when the 
fork is adversely blocked and the checkpoint is activated, while PofB also regulates Mrd to deacti- 
vate checkpoint when the replisome is intact to resume and complete DNA replication. 



suggest that Pol2 is regulated by proteoly- 
sis during the normal course of the DNA 
replication process. Importantly, Pol2 deg- 
radation in S phase was further enhanced 
by swU deletion.-'' Considering that Swil 
is involved in suppression of DNA dam- 
age at difficult-to-replicate regions, which 
naturally exist in the genome,^' our results 
may also suggest that cells promote a fast 
protein turnover of Pol2 when the fork 
encounters natural impediments. 

Role of SCF''°"-Dependent 

Pol2 Degradation 
in Faithful DNA Replication 

Skpl-Cullin/Cdc53-F-box (SCF) 
ubiquitin ligases are often associated with 
protein degradation during S phase.'' 
Consistently, we found that Pol2 deg- 
radation in wild-type cells was signifi- 
cantly inhibited in the absence of Skpl, a 
major component of SCF-type ubiquitin 
ligases.'"' The substrate specificity of SCF 
complexes is determined by the variable 
F-box subunit, a substrate-specific recep- 
jQj._4i,42 ArQong the many F-box proteins in 
S. pombe, we found that Pol2 degradation 
in both wild-type and swil A cells was sig- 
nificantly inhibited in the absence of Pof3. 
Moreover, Pol2 was shown to co-purify 
with Pof3, suggesting the physiological 
importance of SCF''°''-dependent Pol2 
degradation during DNA replication.^^ 

Interestingly, previous studies reported 
that Pof3 is involved in the preservation of 
genomic integrity.'*' SCF''"'^' interacts with 
fission yeast Mcll, a DNA polymerase a 
accessory factor related to budding yeast 
Ctf4,'"'*' suggesting a role for Pof3 in DNA 
replication. In the budding yeast Saccha- 
romyces cerevisiae, Dia2, a Pof3 -related 
protein, also associates with the replisome 
and regulates replication forks.^'' '"* Genetic 
studies suggest that Dia2 is involved in reg- 
ulating difficult-to-replicate regions of the 
genome.'" Because there is a high chance of 
fork stalling and/or fork breakage at diffi- 
cult-to-replicate regions, leading to replica- 
tion stress and checkpoint activation,^''-'^ it 
is highly possible that Dia2 functions when 
the replisome encounters problems during 
replication. Indeed, Dia2 is stabilized when 
a checkpoint is activated, suggesting a role 
of Dia2/Pof3 in response to replication 
stress and during checkpoint activation 



(Fig. lB).^'5''"-5° Furthermore, Dia2 is 
recruited to stalled forks and is involved 
in ubiquitination of Mrcl, a checkpoint 
mediator associated with the replisome.'"''^^ 
These findings suggest that Dia2/Pof3 
regulates the replisome, in order to ensure 
proper DNA replication (Fig. IB). 

pof3A cells showed an increased level 
of mitotic catastrophes in response to 
hydroxyurea (HU) and camptothecin 
(CPT). pof3A cells were sensitive to CPT 
and weakly sensitive to HU. pofSA. cells 
also displayed a cell elongation phenotype, 
which is normally caused by accumulation 
of DNA damage or replication failure. 
Consistently, pof3A. cells showed a delay in 
replication recovery after a low-dose CPT 
treatment, which did not affect replica- 
tion recovery in wild-type cells. Interest- 
ingly, Pol2 overexpression is deleterious 
to the cells (data not shown). Consider- 
ing that pof3 deletion stabilizes Pol2 and 



other replisome components, our results 
suggest that SCF''°'^'-dependent replisome 
degradation plays an important role in 
preservation of genomic integrity during 
replication (Fig. 2). Interestingly, mitotic 
catastrophes and replication defects were 
further enhanced in swil A pof3A. double- 
deletion mutant cells. Considering that 
swil deletion causes replication stress at 
difficult-to-replicate regions, our results 
also suggest the importance of Pol2 deg- 
radation during replication of difficult-to- 
replicate regions. 

Checkpoint programs are thought 
to stabilize replisomes upon replication 
stress.''^ However, our results suggest that 
5(--^ppoB promotes Pol2 degradation to 
abrogate replisome function in response to 
replication stress (Fig. IB). Such a mecha- 
nism may contribute to the prevention of 
inappropriate DNA replication that causes 
genomic instability. 
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Figure 3. Pof3 is elevated in sw/7A cells. Cells 
of the indicated genotypes were grown, 
and protein samples were prepared. Cellular 
amounts of Pof3-Myc were determined by 
using the anti-iVlyc (9E10) antibody. Tubulin 
levels were monitored as a loading control. 



Regulation of Mrc1 Degradation 
by SCpP"" and Phosphorylation 

In S. cerevisiae, Dia2 is involved in deg- 
radation of Mrcl, a replisome component 
required for the activation of the repli- 
cation checkpoint kinase Rad53 (Cdsl 
ortholog).^' Mrcl also functions in coor- 
dination of polymerase and helicase func- 
tions at the fork." As in the case of Dia2, we 
found that Pof3 is involved in Mrcl degra- 
dation.^'' It is widely known that SCF-type 
ubiquitin ligases recognize phosphode- 
grons.^' Interestingly, Mrcl is hyperphos- 
phorylated at the GJS boundary and in 
response to replication-stressing agents.'^ 
This hyperphosphorylation is largely lost 
when the Hskl kinase is inactivated by a 
mutation in Hskl, a Cdc7-related kinase 
essential for DNA replication,'^ suggest- 
ing the involvement of phosphorylation 
events in Mrcl degradation. Indeed, fis- 
sion yeast Mrcl has a "phosphodegron" 
motif (DSGVGS'*''-'*" which can be 
recognized by an SCF ubiquitin ligase.'^ 
Strikingly, mutations in this motif {mrcl- 
S860A/S864A) significantly stabilized 
Mrcl in fission yeast (Fig. 2A). Further- 
more, Mrcl is also stabilized in hskl— 89 
mutants.'^ Thus, Mrcl is regulated by 
phosphorylation and degradation, in 
which Hskl and SCF''"'^^ have a key role. 

Mrcl hyperphosphorylation also 
depends on Rad3 and Tell kinases.'^''' 
Importantly, Rad3 and Tell phosphory- 
late SQ/TQ motifs within the SQ/TQ 
cluster of Mrcl in response to replication 
stress,''' while Hskl-dependent phosphor- 
ylation occurs at other unknown sites. '^ 
Because Hskl has been shown to directly 



phosphorylate Mrcl,'^ it is possible that 
Hskl phosphorylates Mrcl at its phospho- 
degron. Therefore, we suggest the involve- 
ment of a complex mechanism regulating 
Mrcl phosphorylation and degradation. 
It is tempting to suggest that the balance 
between Rad3/Tell-dependent and Hskl- 
dependent phosphorylation events plays 
an important role in regulating replica- 
tion and checkpoint processes (Fig. 2B). 
It is straightforward to suggest that Mrcl 
stabilization promotes Cdsl-dependent 
checkpoint activation in response to rep- 
lication stress. However, once the repli- 
cation problem is solved, Mrcl needs to 
be degraded in order to deactivate the 
checkpoint and complete DNA replica- 
tion. We speculate that, to achieve this 
goal, Mrcl undergoes dephosphorylation 
at Rad3/Tell-dependent sites while pre- 
serving Hskl-dependent phosphorylation, 
thus facilitating SCF''°'^'-dependent Mrcl 
degradation and checkpoint deactivation 
(Fig. 2B). 

How SCpP"" is Regulated 
During Replication and 
Checkpoint Processes 

In S. cerevisiae, Dia2 levels are low 
in G| and elevated during S phase. Dia2 
itself is regulated by ubiquitination, and 
Dia2 degradation is inhibited in response 
to replication stress, such as HU treat- 
ment.'" These results suggest that Dia2 
activity is required in S phase and dur- 
ing checkpoint activation. Indeed, HU- 
dependent Dia2 stabilization is abrogated 
in checkpoint mutants, including chkl^ 
and rad53-21 cells.'" However, how Dia2 
is regulated during checkpoint activa- 
tion is largely unknown. Interestingly, 
we found in S. pombe that Pof3 levels are 
elevated in swilA cells (Fig. 3). While 
Swil is involved in full activation of Cdsl 
(Rad53 ortholog), swil A cells still possess 
a basal level of Cdsl activity." In addition, 
swil deletion generates replication stress, 
which, in turn, activates the Chkl-depen- 
dent checkpoint pathway."'"-'*^'"'"''" 
Therefore, it is possible that SCF"""^' activ- 
ity and/or levels are under the regulation 
of checkpoints (Fig. 2B). 

In budding yeast, in the absence of 
Dia2, an increased amount of Mrcl 
leads to continuous activation of Rad53 



after DNA damage, resulting in defects 
in checkpoint deactivation and in timely 
completion of DNA replication. These 
defects were partially suppressed by inacti- 
vation of Tofl (Swil ortholog). This sup- 
pression is attributed to the fact that tofl A 
cells have lower Rad53 activity. Consis- 
tently, DNA damage sensitivity of dia2A 
cells was suppressed by tofJ deletion."' 
However, our data demonstrated in fission 
yeast that pof3A swil A cells are more sen- 
sitive to HU and CPT than either single 
mutant,^'' indicating that further investi- 
gation of the role of Pof3 -dependent Mrcl 
degradation is needed. 

Dia2 is stabilized when the checkpoint 
is activated, suggesting the role of Dia2/ 
Pof3 in response to replication stress and 
during checkpoint activation.''^''"''" In 
this model, Mrcl-dependent activation of 
the replication checkpoint kinase Rad53 
(Cdsl ortholog) results in Dia2 stabili- 
zation.'^ However, studies also showed 
that Dia2 mediates ubiquitination/deg- 
radation of Mrcl, leading to deactivation 
of checkpoint, in order to resume and 
complete DNA replication.''^'"' There- 
fore, Dia2/Pof3 appears to be involved 
in multiple steps during DNA replication 
and checkpoint processes. We suggest that 
Dia2/Pof3 controls replisome quality via 
ubiquitination/degradation of replisome 
components when the fork is adversely 
blocked and the checkpoint is activated, 
while Pof3 also regulates Mrcl to deac- 
tivate checkpoint when the replisome is 
intact to resume and complete DNA repli- 
cation (Fig. 2B). 

We proposed that SCF°''^"'°'^' is required 
to control DNA replication when the rep- 
lication fork encounters natural barriers. 
Because chromosomes contain numerous 
barriers that are difficult to replicate, it 
will be important in the future to investi- 
gate whether Mrcl degradation is precisely 
regulated at these genomic regions to con- 
trol replication fork progression and acti- 
vation of the replication checkpoint. 

Concluding Remarks 

We have made the interesting discov- 
ery that replisome components, including 
Pol2 and Mrcl, are highly unstable during 
replication.^'' Our data suggest the role of 
the SCF''"^' ubiquitin ligase in replisome 
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regulation.^'' It is generally thought that 
checkpoint proteins stabilize replication 
forks and replisomes in response to rep- 
lication stress.''* However, our findings 
suggest an alternative mechanism by 
which cells degrade the replisome when 
the fork is adversely blocked. This finding 
represents a paradigm shift in understand- 
ing the mechanisms of replisome mainte- 
nance. Therefore, our studies provide new 
mechanistic insights into replication stress 
response pathways. In addition, although 
a number of studies have focused on the 
processes of replication initiation and 
regulation of fork progression, how the 
replisome itself is regulated is largely 
unknown. Therefore, our findings will 
also fill the knowledge gap regarding the 
regulation of replisome components dur- 
ing the replication process. 
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